INTRODUCTION
Genetic subdivision among populations is a crucial component of the evolution of phenotypic and ecological diversity within species and ultimately in the splitting of lineages to form new species. The degree to which natural populations become differentiated genetically depends largely on the amount of gene flow between them and the nature of selection on genes within populations. Genetic differentiation may arise due to some physical or physiological boundaries that keep 2 or more groups from genetically mixing (Coyne 1992 , Palumbi 1994 . It is generally suggested that marine species with high dispersal potential have little genetic differentiation over large geographic scales. However, recent studies have shown that genetic differentiation in marine systems may be driven by isolation through physical barriers (Knowlton et al. 1993) , long distance (e.g. Hellberg 1994 , Palumbi et al. 1997 , Johnson & Black 1998 , surface circulation vicariance (Yu et al. 1999) , reproductive timing (Knowlton et al. 1997) , behavioral patterns (Duffy 1996) and other physiological barriers (Palumbi 1994) . For sympatric marine invertebrates, reproductive isolation can be the result of different reproductive characteristics, such as mode or timing of reproduction, or spawning patterns, that prevent gametes of different species from crossing. ABSTRACT: Sexual reproduction and genetic variation of the scleractinian coral Mycedium elephantotus at Maoao (MO), Yenliao Bay, northern Taiwan, and at Tiaoshi (TS), Nanwan Bay, southern Taiwan, were studied from 1990 to 1996. M. elephantotus is a hermaphroditic broadcast spawner with an annual reproductive cycle. Gametogenesis of the MO population began in January, and spawning occurred in July-August. In the TS populations, there were 2 reproductive groups with different timing of gametogenesis and spawning. Gametogenesis of the first group started in November, and spawning occurred in April or May, while gametogenesis of the second group started in March and spawning occurred in August or September. The temporal reproductive isolation of the 2 groups was possibly the byproduct of adaptation. Allozyme electrophoresis was applied to study the genetic variations among regional coral populations and the 2 reproductive groups. Significant genetic variations were detected among the MO and TS populations and between the 2 reproductive groups at TS, but no fixed differences were found. The MO population demonstrated larger genetic distances with TS populations (Nei's unbiased D = 0.229 and 0.165, for the first and second reproductive groups respectively) reflecting the effect of isolation by distance. Significant genetic variation and moderate genetic distance (D = 0.045) between the 2 reproductive groups at TS indicate the effect of genetic differentiation due to reproductive isolation in sympatric populations. The lack of morphological differences and the moderate genetic distance between the 2 reproductive groups suggest recent diversification within the taxon. The presence of 2 reproductive groups of M. elephantotus in Nanwan Bay may represent the initial stage of sympatric speciation in marine environment or a secondary contact of allopatric populations.
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Many marine species spawn eggs and sperm into the water column. Fertilization success of these species is closely related to the timing of spawning. As a result, selection for spawning synchrony may occur in these species, and closely related species or populations can be isolated by temporal separation of spawning. Such reproductive isolation constrains gene flow between populations, with or without reinforcing selection, and may finally lead to genetic divergence and speciation (Coyne 1992) . There are many studies documenting the ecological or behavioral changes that give rise to reproductive isolation, but few provide the link between reproductive isolation and genetic diversification (Palumbi 1994) .
Several widespread coral species display local and geographic variations in their life histories. Latitudinal and temporal variations in reproductive characteristics have been reported in several coral species (Harrison & Wallace 1990 , Richmond & Hunter 1990 . These variations could reflect high levels of phenotypic plasticity along environmental gradients or genetic differentiation within a species. For example, the brooding coral Seriatopora hystrix exhibits extremely high levels of genetic differentiation among 12 neighboring reefs along 90 km of the Central Great Barrier Reef (GBR) (Ayre & Dufty 1994) . Conversely, the widely separated populations of Pocillopora damicornis are genetically homogeneous along the length of the GBR (Ayre et al. 1997) .
Species boundaries in scleractinian corals are based primarily on morphology, and it is generally assumed that morphological differences between coral species reflect reproductive isolation and equate with genetic differentiation (Lang 1984 , Willis 1990 ). However, recent studies on reproductive isolation and genetic variation of corals have revealed conflicting results. Some studies have shown that morphologically different species are genetically distinct and hence reproductively isolated. For example, the 3 morphological variants of Montastraea annularis were considered as sibling species (Knowlton et al. 1992 , Knowlton 1993 , Weil & Knowlton 1994 , the 2 morphs of Montipora digitata were identified as reproductively isolated species (Stobart & Benzie 1994) . In contrast, no clear genetic distinction was found among morphological species within the coral genus Platygyra (Miller & Babcock 1997 , Miller & Benzie 1997 . The difference in the timing of reproduction has also been applied to separate isoporans into 2 species, Acropora palifera and A. cuneata (Kojis 1986) and it was subsequently supported by biochemical data (Ayre et al. 1991) . However, the 2 types of Pocillopora damicornis with different timing of planulation (Richmond & Jokiel 1984) were not genetically distinct (Stoddart 1986 ). These results suggest that the variation of reproductive timing in relation to genetic and environmental variations is complex.
Mycedium elephantotus (Pallas, 1766) is a widely distributed scleractinian on many Indo-Pacific reefs, where it may form large assemblages and dominate certain reef areas (Dai 1993 , Veron 1993 . Little information is available on its reproductive biology other than that it is a hermaphroditic spawner and that it participates the mass spawning event in the Great Barrier Reef (Willis et al. 1985 , Babcock et al. 1986 ) and the reefs in Western Australia (Babcock et al. 1994) , southern Taiwan (Dai et al. 1992) , and Okinawa (Hayashibara et al. 1993) . In this study, we present detailed information on the timing of gametogenesis and spawning of M. elephantotus in northern and southern Taiwan. We also document the temporal reproductive isolation of 2 sympatric groups in Nanwan Bay, southern Taiwan. Genetic variations between geographically isolated populations and between the 2 reproductive groups were studied to illustrate the effect of reproductive isolation on genetic divergence.
MATERIALS AND METHODS
Study sites. Populations of Mycedium elephantotus
were studied at Maoao (MO), Yenliao Bay, northern Taiwan (25°02' N, 121°59' E), and at Tiaoshi (TS), Nanwan Bay, southern Taiwan (21°55' N, 120°45' E; Fig. 1 ). Samples were fixed with 10% formalin in seawater for at least 24 h, rinsed in freshwater, decalcified in 8% formic acid, and stored in 70% alcohol. Tissue samples were dehydrated with increasing concentrations of alcohol, cleared with xylene, and embedded in Paraplast. Serial sections 6 to 8 µm thick were prepared and stained with Mayer's hematoxylin and eosin. These slides were examined for gamete development under a compound microscope. The length and width of at least 6 oocytes in nucleolar section were measured for each colony using a micrometer eyepiece. The monthly variation of oocyte size was used to determine the seasonal pattern of oogenesis. The mature egg size was represented by the average of the oocytes collected prior to gamete disappearance.
Allozyme electrophoresis. Tissue samples (fragments of approximately 3 × 3 cm 2 ) of Mycedium elephantotus were collected randomly from 29 colonies in Yenliao Bay and from 61 tagged colonies in Nanwan Bay in 1995 and 1996. Sexual reproduction of the tagged colonies were then monitored to determine their reproductive groups. After removing epiphytic organisms, chips from a given colony were placed in liquid nitrogen within 2 h of collection, transported to the laboratory, and stored at -70°C.
The coral tissues were scraped off and ground in 2 drops of indicator-extractant (Stoddart 1983 ) and then homogenized in half of the sample volumes of indicator extractant using a sonicator. Homogenates were centrifuged at 17 000 × g for 40 min at 4°C, and the supernatants were then stored at -70°C until electrophoresis.
Horizontal electrophoresis with 12% starch gel was performed at 4°C under different buffer systems and electrical conditions. The following 8 enzyme systems were used: malate dehydrogenase (MDH; E.C. #1.1.1.37); esterase (EST; E.C. #3.1.1.-); phosphoglucomutase (PGM; E.C. #5.4.2.2); dipeptidase using glycyl-leucine as a substrate (PEPA; E.C. #3.4.-.-); mannose-6-phosphate isomerase (MPI; E.C. #5.3.1.8); malic enzyme (NADP + ) (MEP; E.C. #1.1.1.40); and tri-peptide aminopeptidase using leucyl-glycyl-glycine as a substrate (PEPB; E.C. #3.4.-.-). MDH, EST and PGM were run using a Tris EDTA citrate pH 7.0 (TEC 7.0) buffer (modified buffer of TEC 7.9 in Benzie et al. 1995); PEPA, MPI, and MEP were run using a Tris citrate pH 8.0 buffer; and PEPB was run using a Tris citrate borate LiOH buffer (Redfield & Salini 1980) . Alleles were assigned a value based on the ratio of their electrophoretic mobility relative to that of the most common allele.
Statistical analysis. Gene frequencies, basic measures of genetic variability, analyses of heterogeneity among populations, genetic distances and cluster analyses were done using programs in BIOSYS-1 (release 1.7, Swofford & Selander 1989) . The hypotheses that each population is in Hardy-Weinberg equilibrium was tested with chi-square tests. When more than 2 alleles are observed at a locus, BIOSYS-1 pools genotypes into 3 classes and repeats the tests. This is accomplished by considering all alleles except the most common one as a single allele.
Two measures were used to assess the possible effects of asexually derived recruits on the genotypic diversity of collections. First, each colony was assigned a multilocus ('clonal') genotype. The number of multilocus genotypes detected (N G ), is thus an estimate of the minimum number of clones that are present within a population; and the ratio N G :N I (number of collected individual colonies) provides the simple index of the effects of asexual reproduction on genotypic diversity. Second, the ratio of observed multilocus genotypic diversity (G O ) to that expected under conditions of sexual reproduction (G E ) was calculated following Stoddart & Taylor (1988) . Departure of G O :G E from unity provides an index of the combined effects of departures from single-locus Hardy-Weinberg equilibrium and multilocus linkage disequlibrium. A genetically variable population with high levels of asexual recruitment should display a low ratio of observed to expected genotypic diversity.
F-statistics use departures from levels of heterozygosity expected under complete panmixia to partition total inbreeding (F IT ) into components due to inbreeding within subpopulations (F IS ) and subdivision among populations (F ST ). The significance of F ST , a measure of genetic differentiation among populations, and of F IS , a measure of genetic variation within populations, was calculated using equations given in Waples (1987) .
RESULTS
Gametogenesis
Mycedium elephantotus is a simultaneous hermaphrodite. The oocytes and spermaries are within the mesenteries between the retractor muscles and the mesenterial filaments. Five developmental stages of gametes were classified according to the histological characteristics and relative sizes of oocytes and spermaries. The stages were: (1) oogonia, (2) developing oocytes, (3) developing oocytes and early spermaries, (4) developing oocytes and spermaries, and (5) mature oocytes and spermaries. In Stage 1, few oogonia were found in the mesoglea of the mesenteries and the oogonia were < 50 µm in diameter. The oogonium had a nucleus with a prominent nucleolus and a thin layer of cytoplasm. In Stage 2, the oogonia underwent vitellogenesis and were 50 to 150 µm in diameter. In Stage 3, the oocytes were 150 to 200 µm and the spermaries appeared. The spermaries are composed of several discrete sacs which contain a few spermatogonia. In Stage 4, the oocytes were 200 to 250 µm in diameter. The spermaries increased in diameter and the spermatocytes became more numerous and smaller. In Stage 5, the mature oocytes reached a diameter of 260 to 350 µm. The sperm were arrayed in a bouquet with the heads located peripherally and the tails projecting toward the lumen. Mature eggs of M. elephantotus before spawning were red.
Reproductive seasonality
Monthly changes of mean oocyte diameters and frequencies of colonies containing different stages of gametes in Mycedium elephantotus indicated a clear annual gametogenic cycle (Figs. 2 & 3) . In Yenliao Bay, none of the colonies from October to December 1990 nor from September to December 1991 contained gametes (Fig. 3A) . In 1991 and 1992, oocytes first appeared in January and increased in size until August. Spermatogenesis started in June (Fig. 3A) . All colonies contained mature gametes in July 1991 and 1992. The sharp decline of colonies containing gametes in July and August 1991 and 1992 was possibly a result of spawning.
In Nanwan Bay, 2 reproductive groups which were separated in the timing of gametogenesis and spawning could be distinguished (Figs. 2B & 3B) . Colonies within each reproductive group demonstrated a synchronous annual reproductive cycle, while colonies between reproductive groups were different. Oogenesis of the first reproductive group started in November 1990 and October 1991 (Fig. 3B ) and oocytes increased in size until May or June. Spermatogenesis began in February 1991 and 1992 (Fig. 3B) . The sharp decline of colonies containing mature gametes between May and July 1991 and between June and July 1992 was possibly a result of spawning. In the second reproductive group, oocytes appeared in March 1991 and January 1992 (Fig. 3B) and increased in size until November. Spermatogenesis started in July 1991 and 1992 (Fig. 3B) . Spawning of the second group probably occurred from October to December. These results indicated that timing of gametogenesis and spawning of the second reproductive group was approximately 3 to 4 mo later than those of the first group. Individual colonies of Mycedium elephantotus had an annual cycle of gametogenesis; this was confirmed by surveying the reproduction of tagged colonies (n = 15). The ratio of colonies belonging to the first and the second reproductive groups was about 7:3. 
Genetic variation
Seven polymorphic and 1 monomorphic loci were encoded. The mean numbers of alleles per locus (N a ) were 2.9, 3.1 and 3.3 in the northern Taiwan population and the 2 reproductive populations in southern Taiwan, respectively (Table 1) . Percentages of polymorphic loci (P 95 ) ranged from 62.5 to 75% indicating that the genetic variability is high. The observed heterozygosities, ranging from 0.219 to 0.290, were generally lower than expected under Hardy-Weinberg equilibrium (Table 1) .
The ratios of the number of observed genotypes (N G ) to the number of individuals sampled (N I ) were close to 1 (0.963 to 1.000) indicating that almost as many genotypes as individuals were found in all the Mycedium elephantotus populations (Table 2 ). The ratios of G O :G E among collection sites were high (0.9 to 1.0) suggesting high degrees of sexual reproduction.
Allele frequencies of Mycedium elephantotus populations were markedly different among the 3 populations (Table 3 ). The MDH-1-85, MDH-2-90, PEPA-110, -95 and -83 appeared only in southern Taiwan populations, while EST-100 appeared only in northern Taiwan population. Significant differences on allele frequencies were also found between the 2 reproductive groups in southern Taiwan, especially for those of PEPA (χ 2 = 32.1, df = 1, p < 0.001) and MPI (χ 2 = 26.3, df = 1, p < 0.001). The MPI-105 and PGM-115 did not appear in the first reproductive group, while PEPA-112 did not appear in the second reproductive group. The frequencies of PEPA-83 and MPI-100 were higher in the first reproductive group, while those of PEPA-100, and MPI-82, -105 were higher in the second reproductive group in southern Taiwan (Table 3) .
Significant values of F ST were detected among the 3 populations in 5 out of 7 loci, the exceptions being MDH-2 and MEP (Table 4) . Significant values of F ST were also found between the 2 reproductive groups for PEPA (F ST = 0.094, p < 0.001) and MPI (F ST = 0.090, p < 0.001). Genetic differentiation among the 3 populations was highly significant (F ST = 0.155, p < 0.001). Paired comparisons between populations showed that significant genetic differentiation was found between Table 1 . Mycedium elephantotus. Genetic variability for coral populations in Yenliao Bay, northern Taiwan (MO) and the 2 reproductive groups in Nanwan Bay, southern Taiwan (TS-1 and TS-2), with standard errors in parentheses coral populations from northern Taiwan and southern Taiwan (F ST = 0.181, p < 0.001, for MO vs TS-1; F ST = 0.127, p < 0.001, for MO vs TS-2), and between the 2 reproductive groups in southern Taiwan (F ST = 0.049, p < 0.001). The Nei's unbiased genetic distance between the first and second reproductive groups (D = 0.045) also indicated a marked difference (Table 5) . However, higher genetic distances were found between the northern Taiwan and southern Taiwan populations (D = 0.229 between MO and TS-1; D = 0.165 between MO and TS-2).
DISCUSSION
Mycedium elephantotus is a simultaneous hermaphrodite with an annual reproductive cycle. Reproductive characteristics such as gonad structure and the length of gametogenesis were similar, but the timing of gametogenesis and spawning were different, among the 3 populations in northern and southern Taiwan.
In southern Taiwan, the first reproductive group of Mycedium elephantotus spawned at the same time as most scleractinian coral species in that region, in late April or early May (Dai et al. 1992) . The second reproductive group of M. elephantotus, together with other species including Echinopora lamellosa, Merulina ampliata and a second reproductive group of Echinophyllia aspera, spawned in August and September (Fan & Dai 1995 , 1998 , Fan 1996 . The separation of reproductive season for corals in southern Taiwan suggests that the environmental conditions favorable for the survival of coral larvae are diverse (Dai et al. 1992 , Fan & Dai 1995 . It is possible that the warmer and smaller range (5.0°C) of sea temperatures in southern Taiwan provide a longer period during which sea temperature is appropriate for successful reproduction. In this case, coral species respond to one or more forcing functions in the environment which constrain the time of optimal spawning (Oliver et al. 1988) . The 2 reproductive groups of Mycedium elephantotus in Nanwan Bay, southern Taiwan could be separated by differences in the timing of gametogenesis and spawning. A similar phenomenon has also been described in sympatric colonies of Echinophyllia aspera in Nanwan Bay (Fan 1996) . The existence of 2 reproductive groups was clearly demonstrated by separation of reproductive timing among sympatric colonies, while the reproductive activity of coral colonies within each group was synchronous. This is different from those broadcast-spawning species which have multiple gametogenic cycles within a colony in a year, such as Acropora formosa and A. hyacinthus in Papua New Guinea (Oliver et al. 1988) and Montipora digitata at Magnetic Island, Great Barrier Reef (Stobart & Benzie 1994) . It is also not a case of split-spawning (sensu Willis et al. 1985) because reproductive activities of the 2 groups are separated by 3 to 4 mo.
As eggs and sperm are viable for 4.5 to 8 h after spawning (Heyward & Babcock 1986; Willis et al. 1997) , fertilization is impossible between coral populations spawned on different mo. The 2 sympatric reproductive groups of Mycedium elephantotus in southern Taiwan with a temporal separation of 3 to 4 mo are reproductively isolated and genetic exchange between them is unlikely to occur in the present condition. Yu et al. (1999) demonstrated that the allopatric populations of the first reproductive group of M. elephantotus in southern Taiwan, which were separated by a distance of more than 10 km, were genetically homogeneous. Nei's unbiased genetic distance between the 2 reproductive groups (D = 0.045) is much higher than those among allopatric populations of the first reproductive group (D ≤ 0.015; Yu et al. 1999) . Furthermore, the UPGMA dendrogram based on genetic distance showed a clear subdivision between the 2 groups (Fig. 4) . All of these data suggest that the 2 reproductive groups are separated genetically.
The existence of 2 reproductive groups of Mycedium elephantotus may result from either recent divergence in sympatric populations or secondary contact of populations with different origins. Richmond & Jokiel (1984) suggested that asynchrony among sympatric populations of an identified species may be the result of the immigration of planulae from one region into another. However, the lack of qualitative and quantitative morphological differences between the 2 groups is also consistent with recent diversification within taxon (McPeek & Wellborn 1998 (Nei 1978) between populations. Population abbreviations as in Table 1 Fig Table 5 and the data in Yu et al. (1999) The subdivision of 2 reproductive groups of Mycedium elephantotus in southern Taiwan may represent adaptive divergence of sympatric populations. It is generally considered that space for settlement is one of the most important limiting resources on coral reefs and there is intensive competition among coral populations (Dai 1990 , Lang & Chornesky 1990 . Spawning of the 2 reproductive groups in different seasons may disperse the reproductive investment (Shlesinger & Loya 1985) . Seasonal disturbances in southern Taiwan, including typhoons and heavy rainfall, happen mainly in summer (Dai 1991) . Spawning of the first reproductive group occur before the seasonal disturbance and the second group after the disturbance may increase the substrate availability to larvae, avoid the high mortality caused by disturbances and then increase reproductive success (Fan & Dai 1995) . Therefore, different reproductive timing of the 2 groups of M. elephantotus in southern Taiwan may be considered as a byproduct of natural selection (Coyne 1992) and such subdivided populations may symbolize 2 adaptive peaks envisioned in Wright's (1931) shifting-balance model. The mode of origin of the 2 reproductive groups could be sympatric or allopatric but the present data cannot distinguish these hypotheses.
